Introduction
Digital microfluidic (DMF) is an electronic droplet-control technology based on the principle of electrowetting-on-dielectric (EWOD). In a DMF system, droplets sit on an electrode array coated with a dielectric layer followed by a layer of an inert hydrophobic material 1 . When a droplet covers two electrodes where one is charged, the contact angle of the droplet would be out of balance, i.e. bigger contact angle on the uncharged electrode and smaller contact angle on the charged one. The droplet would move from the uncharged to the charged electrode in order to lower its surface energy. By this means, droplets containing biochemical samples can be transported, dispensed, mixed and stored on chip as desired by charging different electrodes [2] [3] [4] . Due to the flexibility of DMF in manipulating individual droplets in nanoliter volume, different biological and chemical micro-reactions such as molecular probes synthesis 5 , proteomics 6 , immunoassays 7 , DNA sample processing 8 and cell-based assays 9 have been successfully run on DMF chips 10 . Yet, all those investigations entailed an actuation voltage as high as 100 V to execute droplet operations, which greatly raised the cost of the control electronics. In order to lower the driving voltage to be compatible with the lowcost control electronics, researchers have tried different methods. According to the Young-Lippmann equation 11 , the contact angle of a droplet on an electrode applied with a certain voltage V follows (1) where ε r is the relative dielectric constant, γ lg is the liquid-gas interface tension, t is the thickness of the dielectric layer, θ(0) is the contact angle without electric field, and θ(V) is the contact angle at a voltage V .To actuate a droplet from still, the contact angle difference with and without charging has to be larger than a threshold. For example, on a typical Teflon coated surface, a change of contact angle from 120° to <80° is entailed 12 . This sets a threshold in driving voltage to actuate a droplet. To lower the driving voltage, we could either reduce the dielectric layer thickness or increase the relative dielectric constant ε r . By reducing the dielectric layer thickness, Pollack et al 13 and 20 nm Teflon to further lower the driving voltage to 25 V . Regrettably, these thin film approaches are more susceptible to electric breakdown due to the possible imperfections within the films. Instead of decreasing the dielectric thickness, t, people also investigated high dielectric constant materials such as Barium Strontium Titanate (BST, ε r ≈ 300) 15 and aluminum oxide (Al 2 O 3 , ε r ≈ 10) 16 . Nevertheless, these materials nomally require high annealing temperature ( 700°C), which may soften or melt the typical glass substrate of DMF systems. Lin's group 17 has implemented multidielectric layers consisting of tantalum pentoxide (Ta 2 O 5 , ε r ≈ 20) annealed under 400 o C and Parylene C on glass substrate, where the latter can freely fill in the tiny cracks or pinholes within the former. However, Parylene C, through its deposition process, does not adhere chemically but nonspecifically to the substrate due to the great chemical dissimilarities between the two surfaces 18 .
Additionally, the lifetime of the dielectric layer was often limited 19 or questioned 17, 20 .
In this work, we introduce Methacryloxypropyltrimethoxysilane (A-174) as an the adhesion promoter in the coating process of multidielectric layers, Ta 2 O 5 and Parylene C, to form chemical bonds across the interface, differing from the typical single dielectric layer of Parylene C with A-174. The electrode lifetime is elongated by >100 times, and the EWOD actuation voltage can be as low as 5 V.
Materials and method
The DMF chip fabrication procedure is depicted in Fig. 1 In step 9, a droplet was dispensed with a pipette and sandwiched in silicon oil (1 cSt, Clearco) between the two plates assembled with a spacer.
The setup of the Digital Microfluidic system was the same as previously described [21] [22] [23] . Briefly, as shown in Fig. 2 , there were four parts in the system: a DMF chip, an electronic control panel, a field-programmable gate array (FPGA) board and a software control program. The charging and discharging of the electrodes on the DMF chip were controlled through an electronic printed circuit board (PCB) via the FPGA. The internal units of the FPGA preceded the data transfer, frequency detection, data collection and operation controller. A user friendly and upgradable humancontrolled interface was installed in a PC and connected to the system for the entire module management. The driving signal was a 1 kHz square wave supported by a low-cost signal generator (GFG-8255A Instek®).
Results and discussion

Structure of the Ta 2 O 5 dielectric layer
The dielectric permittivity of a thin dielectric film depends not only on the material, but also on its crystal structure. According to Chiu 24 , amorphous Ta 2 O 5 exhibited a much lower leakage current than 
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Please do not adjust margins crystallized Ta 2 O 5 . That could help to raise the break-down voltage, and therefore improve the robustness of the DMF chip. In this work, the Ta 2 O 5 thin films were rapidly thermal annealed in N 2 atmosphere at 400 °C for 10 min at a ramp of 100°C/min to guarantee the hardness of the substrate. X-ray diffraction (XRD) as shown in Fig. 3 clearly demonstrated a typical hump between 2θ angle of 20° and 30°, indicating the amorphous structure of the Ta 2 O 5 thin film. As the leakage current increases with the increase of surface roughness 25 , a smooth surface/interface could enhance the dielectric strength and decrease the possibility of dielectric breakdown. The roughness of the Ta 2 O 5 films was characterized by Atomic Force Microscope (AFM) and shown in the sub-image of Fig.  3 . The measured root mean square roughness was 0.75 nm over a 1.5 μm x 1.5 μm surface of a 100 nm thick film. This was widely accepted as very smooth and homogeneous, which would also increase the dielectric strength due to the limited leakage current.
A-174 silane as an adhesion promoter
As we have mentioned above, Parylene C does not adhere chemically but nonspecifically to Ta 2 O 5 thin film, causing its peeling off and breakdown of the dielectric layers. A-174 has been proven to promote strong adhesion between parylene-C and the substrate. 26 In order to improve the adhesion between Parylene C and Ta 2 O 5 , we utilized A-174 silane as a bonding promoter. Fig. 4 shows the schematic principle of A-174 as an adhesion promoter. A-174 is composed of two functional groups, a methoxy silane head and a methacryloxy tail (Fig. 4a ). Parylene C stays as dimer in powder and breaks into monomers in air when evaporated (Fig. 4b ). During the coating process, the surface of Ta 2 O 5 would react with adsorbed water molecules in air and form a hydroxyl group, Ta-OH 27 . This hydroxyl group has the ability to react with the methoxy silane head of A-174 forming a self-limited A-174 molecular layer on the Ta 2 O 5 surface (Fig. 4c ). When deposited on the A-174 modified Ta 2 O 5 surface, monomers of parylene C (Fig. 4b ) would co-polymerize with the methacryloxy tail of A-174 via a free radical addition reaction and deposit as a polymer layer [28] [29] [30] . By this way, the nonspecific adhesion between the two dielectric layers, Ta 2 O 5 and parylene C, would be switched to a much stronger and stable chemical bonding. In order to further investigate the influence of the silanization on the robustness of the DMF chip, chips fabricated with and without A-174 were compared side by side to shuttle a droplet of DI water from one electrode to the next under the same actuation voltage. The electrode lifetime was determined when an electrode breakdown was observed. The droplet may still be movable in some cases. The film thicknesses of Ta 2 O 5 , Parylene-C and Teflon were 250 nm, 480nm and 100 nm, respectively. The spacer between the top and bottom plates was set as 300 μm. A droplets (0.65μL) was driven either by 15 V AC or DC actuation signals. The charging duration was set empirically at 400 ms. A video of these experiments can be found in ESM_1. As shown in Fig. 5(a) and (b) , without A-174 silanization the Parylene-C layer peeled off the substrate even on some freshly fabricated chips, while with A-174 the Parylene-C sticked well to the substrate. As a consequence, the electrodes easily broke down without silanization [ Fig. 5 (c) ] while no sign of breakdown was observed on silanized chips after 10,000 shuttles of a droplet actuation [ Fig. 5 (d) ]. The statistical lifetime of different chips driven by DC or AC is shown in Fig. 5 (e) . With the A-174 silanization treatment, the dielectric layers successfully protected the electrodes. No matter what actuation signal was used, the chips were robust enough to survive at least 10,000 shuttles of droplet movement. Note that the lifetime was actually even longer as we stopped our program at 10,000 shuttles where the chips were still in excellent condition. For the untreated chips, the electrode broke down in less than 10 shuttles driven by DC. Although AC worked more gently on the chip, it only improved the lifetime to around 400 shuttles. In average, the electrode lifetime was elongated over 100 times by utilizing A-174 salinization treatment. The chip reliability was significantly improved demonstrated by the elongated electrode lifetime.
Droplet transportation velocity in relation to the thickness of dielectric layer
The limited actuation voltage and movement velocity of a droplet transportation in DMF have hindered it from high throughput applications [31] [32] [33] . As reported, the droplet transportation's velocity depends on the actuation voltage, the size of the droplet and the electrode-driving signals 21 . Here the robust chip coated with multidielectric-layer treated with A-174 provides the opportunity for us to study the lowest limit of the actuation voltage and the relationship between the droplet velocity and the dielectric layer thickness for the first time. As shown in Fig. 6 , the threshold of the driving voltage to kick off a droplet from still depended on the thickness of Ta 2 O 5 . For a 65nm Ta 2 O 5 layer, the threshold was 5 V, while for Ta 2 O 5 layers of 115 nm and 180 nm, the threshold was 10 V. The lowest actuation voltage from the literature was 7.2 V with a 135 nm Ta 2 O 5 , 180 nm Parylene C and 70 nm of CYTOP (ε r ≈ 2) hydrophobic layer recipe 34 . Here, the threshold was pushed down to 5 V, 30% lower than reported. The thinner Ta 2 O 5 layer used in our study might be the reason to reduce the actuation voltage. Simultaneously, the thick Parylene C (360nm) and Teflon (100 nm) films helped improving the chip reliability. Furthermore, the velocity of the droplet transportation was higher with thinner Ta 2 O 5 layer under the same driving voltage due to the higher electric field strength. However, thicker dielectric layer sustained a higher breakdown voltage. As illustrated in Fig. 6 , the chips with 115 nm and 180 nm Ta 2 O 5 did not break down at 72 V, the maximum voltage that our power supply could generate. The droplet transportation reached 48.4 mm/s at 72 V, which was also higher than the reported value of 40 mm/s 35 .
Conclusions
A-174 silane as a low-cost adhesion promoter significantly improves the bonding between layers of dielectric Ta 2 O 5 and Parylene C. It successfully lowers the EWOD operating voltage, prevents the dielectric breakdown and provides reliable operations of the DMF platform. The actuation voltage can be as low as 5 V following the described fabrication protocols. The chip is highly robust surviving more than 10,000 shuttles of a droplet between two adjacent electrodes without any sign of dielectric breakdown. A low actuation voltage and a high driving speed together with a robust operation property would help the commercialization of DMF chips. 
